Predicted changes in climate may affect key soil processes such as respiration and net nitrogen (N) mineralization and thus key ecosystem functions such as carbon (C) storage and nutrient availability. To identify the sensitivity of shrubland soils to predicted climate changes, we have carried out experimental manipulations involving ecosystem warming and prolonged summer drought in ericaceous shrublands across a European climate gradient. We used retractable covers to create artificial nighttime warming and prolonged summer drought to 20-m 2 experimental plots. Combining the data from across the environmental gradient with the results from the manipulation experiments provides evidence for strong climate controls on soil respiration, net N mineralization and nitrification, and litter decomposition. Trends of 0%-19% increases of soil respiration in response to warming and decreases of 3%-29% in response to drought were observed. Across the environmental gradient and below soil temperatures of 20°C at a depth of 5-10 cm, a mean Q 10 of 4.1 in respiration rates was observed although this varied from 2.4 to 7.0 between sites. Highest Q 10 values were observed in Spain and the UK and were therefore not correlated with soil temperature. A trend of increased accumulated surface litter mass loss was observed with experimental warming (2%-22%) but there was no consistent response to experimental drought. In contrast to soil respiration and decomposition, variability in net N mineralization was best explained by soil moisture rather than temperature. When water was neither limiting or in excess, a Q 10 of 1.5 was observed for net N mineralization rates. These data suggest that key soil processes will be differentially affected by predicted changes in rainfall pattern and temperature and the net effect on ecosystem functioning will be difficult to predict without a greater understanding of the controls underlying the sensitivity of soils to climate variables.
ABSTRACT
Predicted changes in climate may affect key soil processes such as respiration and net nitrogen (N) mineralization and thus key ecosystem functions such as carbon (C) storage and nutrient availability. To identify the sensitivity of shrubland soils to predicted climate changes, we have carried out experimental manipulations involving ecosystem warming and prolonged summer drought in ericaceous shrublands across a European climate gradient. We used retractable covers to create artificial nighttime warming and prolonged summer drought to 20-m 2 experimental plots. Combining the data from across the environmental gradient with the results from the manipulation experiments provides evidence for strong climate controls on soil respiration, net N mineralization and nitrification, and litter decomposition. Trends of 0%-19% increases of soil respiration in response to warming and decreases of 3%-29% in response to drought were observed. Across the environmental gradient and below soil temperatures of 20°C at a depth of 5-10 cm, a mean Q 10 of 4.1 in respiration rates was observed although this varied from 2.4 to 7.0 between sites. Highest Q 10 values were observed in Spain and the UK and were therefore not correlated with soil temperature. A trend of increased accumulated surface litter mass loss was observed with experimental warming (2%-22%) but there was no consistent response to experimental drought. In contrast to soil respiration and decomposition, variability in net N mineralization was best explained by soil moisture rather than temperature. When water was neither limiting or in excess, a Q 10 of 1.5 was observed for net N mineralization rates. These data suggest that key soil processes will be differentially affected by predicted changes in rainfall pattern and temperature and the net effect on ecosystem functioning will be difficult to predict without a greater understanding of the controls underlying the sensitivity of soils to climate variables.
INTRODUCTION
Climate change associated with increased greenhouse gas emissions is expected to cause an increase in global mean temperature and a more vigorous hydrological cycle resulting in more severe droughts and floods (Houghton and others 2001) . Historical records already show an increase in atmospheric CO 2 and in global annual surface temperatures of 0.6°C since the late 19th century although there is little evidence for changes in rainfall pattern (Houghton and others 2001) . In attempting to predict the influence of these climate changes on terrestrial ecosystems, scientists have used a range of experimental techniques including field greenhouses, open-top chambers, soil warming, infrared lamps, transplantation studies, and environmental transects (Shaver and others 2000) . All have their advantages and disadvantages, but many studies have reported significant changes in soil processes such as net nitrogen (N) mineralization and soil respiration which would have profound implications for ecosystem functioning by affecting changes in nutrient availability and carbon (C) storage (Kirschbaum 1995) .
In a recent synthesis of results from these studies carried out across a range of ecosystem types, warming was found to increase soil respiration by a mean of 20%, whereas net N mineralization rates increased by an average of 46% (Rustad and others 2001) . However, there was a large degree of variability which, surprisingly, could not be related to climatic and environmental factors at individual sites, making prediction of responses for individual sites problematic. There have been fewer ecosystem studies assessing the direct effect of changing rainfall patterns and results are not always as expected. For example, a decline in net N mineralization rates was reported in response to increased rainfall and an increase was reported following experimental drought in a calcareous grassland (Jamieson and others 1998) . Further problems in predicting the long-term effects of climate change on ecosystem processes arise from the transient effects that are typically not measured in short-term studies. These include acclimation of soil respiration rates and plant responses after one or more years of experimental treatment (for example, Oechel and others 2000; Luo and others 2001) . These declines have been attributed to an interactive effect between warming and a decline in soil moisture, limitations in soil nutrient supply for plants, and a decline in the availability of labile C sources for soil microbes (for example, Peterjohn and others 1994; Arft and others 1999) .
In this study we used a combination of an experimental and gradient approach to quantify the effect of warming and prolonged summer drought on key soil processes as part of the EU CLIMOOR (climate-driven changes in the functioning of heath and moorland ecosystems) project. Ericaceous shrublands are a widespread vegetation type that often have high conservation value and are used for a range of activities including grazing and hunting (Gimingham and others 1979) . They are generally characterized by low nutrient availability and are currently threatened by a variety of environmental pressures including over-and undergrazing, lack of management, susceptibility to uncontrolled burns, and atmospheric deposition (Gimingham and others 1979; Aerts and Heil 1993) . Climate change is likely to be an additional pressure and has the potential to affect both the structure and function of shrublands. To forecast these changes, dynamic models need to be developed in combination with data acquisition to both parameterize the models and test model outputs (Shaver and others 2000) . Our study contributes to this need by providing data from ecosystem-level experiments across an environmental gradient that includes the often underrepresented southern region of Europe. We have employed an experimental approach that may elucidate the direction of change and some of the transient responses to climate change. Replicating these studies across an environmental gradient may help in elucidating longer-term responses, such as changes in plant species composition, which shift at decadal time scales.
Our manipulation experiments altered both temperature and summer rainfall and were carried out using a common protocol across a European climate gradient spanning latitudes of 41-56°N, mean annual air temperatures of 8 -15°C and mean annual rainfall of 455-1741 mm. Here we report the response of key soil processes, namely litter decomposition, soil N transformations, and soil respiration. Original hypotheses included a more positive response to warming in the colder, northern sites and a more negative response to prolonged summer drought in the southern site in Spain. Companion articles are in this issue on the experimental details involving our use of retractable roofs to create a drought or nighttime warming (Beier and others 2004) , the response of plants (Peñ uelas and others, 2004) , water quality (Schmidt and others 2004), 14 C allocation (Gorissen and others 2004) , and the vulnerability of the heathlands (Wessel and others 2004) .
METHODS

Site Description
The CLIMOOR sites were located in Clocaenog in North Wales (UK), Mols in Denmark (DK), Oldebroek in The Netherlands (NL), and Garraf in Spain (ES). All sites were dominated by shrubs with perennial woody biomass. In DK, UK, and NL, the vegetation was dominated by the ericaceous shrub Calluna vulgaris. In 1999 -2000 an outbreak of the heather beetle (Lochmaea suturalis) occurred at the DK site resulting in significant defoliation of the Calluna plants. In ES, the vegetation was dominated by Globularia alypu and Erica multiflora, the latter of the ericaceous family. Further details of the sites are presented in Table 1 , 2.
Treatments
Nine experimental plots (5 m ϫ 4 m) were established in relatively homogeneous areas within each site. Three treatments were allocated randomly (UK) or in blocks (DK, NL, ES): control (C), warming (W), and prolonged drought during the growing season (D). Around each plot, a light scaffolding structure was built of galvinized steel tubes covered by thin plastic sleeves to prevent contaminants from leaching into the plot. In the warming plots, this frame supports a retractable, reflective curtain made of strips of infrared-reflective material bound into a high-density polyethylene mesh. A small motor activated by a light sensor extends this curtain over the vegetation at night thus preventing heat loss. A tipping bucket rain sensor retracts the curtain at night to enable rain to enter the plot. To prevent damage to the cover, a wind sensor activates the retraction of the curtain at night if wind speeds exceed 10 m/s. Over the drought plots, the retractable curtain is made of transparent polyethlene plastic. Rain sensors activate the motor to extend this cover over the plots when rain is detected and to retract the cover when the rain stops. When the curtain is extended in these drought plots to exclude the rain, wind sensors again retract the curtain to prevent damage during periods of high wind.
The effect of the warming treatments on mean air and soil temperature was between 0.5 and 2°C (Beier and others 2004) . In terms of growing season-days this was equivalent to a 5%-10% increase in the three northern sites but no change in ES. The summer drought treatment reduced precipitation during the growing season by 65%-94% 
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and annual rainfall by 9%-82% (Beier and others 2004) . This occurred in the main growing seasons at all sites: between May and September for 55-74 days in UK, DK, and NL and from March to December for 229 -244 days in ES. The influence of the retractable curtains on humidity (DK), radiation (DK), and wind were tested at the DK site and were found to be minimal (Beier and others 2004) . All measurements of climate variables and soil processes were recorded in an inner 4.5-m ϫ 3.5-m plot leaving an outer 0.5-m border. Edge effects were studied in the DK site and were found to be relatively small (0.1-0.2°C).
Decomposition
Ericaceous litter was collected from all sites either by shaking bushes (DK, NL, ES) or by picking standing dead material from plants (UK) in SeptemberNovember 1999. Material was air-dried and sorted to achieve a homogeneous sample comprising short and long shoots of Calluna (DK, UK), Calluna shoots plus flowers (NL), and 2-3-year-old Erica leaves (ES). Standing dead stems and leaves of Deschampsia flexuosa were also collected in the fall of 1999 (DK only). Material (3 g) was placed in bags with a mesh size of 1 mm (Calluna and Deschampsia) and 0.71 mm (Erica). Three replicate bags for each time period were placed either randomly (UK), stratified beneath Calluna plants and open areas (NL), beneath Calluna plants only (DK), or beneath and on the north side of Erica bushes (ES). Bags were retrieved over a period of 1-2 years, sorted to remove material that had entered the bags after installation, and oven-dried. Results are expressed as mass remaining as a percentage of initial mass. C and N content of litter quality was determined using combustion methods (UK, DK, and NL) and acid digestion and ICAP-AES (inductively coupled argon plasma emission spectrometer) (ES) ( Table 1) .
Soil Respiration
Permanent collars were installed in all plots to record in situ rates of soil respiration in the three northern sites (1 chamber/plot in DK and NL and 3 chambers/plot in the UK). These were installed to an approximate depth of 5-10 cm to minimize disruption to roots although some damage was inevitable. In ES, measurements were made in five random locations in each plot at each sampling time. Infrared gas analyzers were used at DK, ES, and UK sites (PP Systems; Models EGM-2, EGM-1, and CIRAS-2, respectively, all with chamber SRC-1). In NL, gas vials were used to collect samples for later analysis using gas chromatography. Measurements were carried out either fortnightly (DK), monthly (NL, UK), or seasonally (ES) between 09 00 and 15 00 h. In the UK, temperature and moisture measurements of the upper 7 cm were taken using a Delta Thetaprobe handheld temperature probe. At all other sites, logged data from installed TDR probes and temperature sensors at 5-10-cm depth provided soil moisture and temperature data.
Net N Mineralization
In the three sites dominated by Calluna (DK, UK, and NL), an intact soil core method was used for each plot. Three replicate paired cores approximately 5 cm in diameter were taken pretreatment in 1998 (NL) and during the first two years of treatment within different seasons in 1999 -2001 (all sites). The top soil horizon only was sampled in DK, NL, and ES, whereas a lower mineral soil horizon was also sampled in the UK. The depth of the upper horizon sampled varied in NL and DK to reflect the variable organic layer: 1-4 cm in the NL and 0.5-5.0 cm in DK. In the UK, the upper organic layer varied between 5.9 and 6.7 cm and the lower from 5.0 to 5.7 cm. One of each pair was returned to the laboratory for analysis for initial ammonium-N and nitrate-N content. The core to be incubated in the field was placed in a polythene bag and replaced in the ground for a period of 1-2 months depending on the season. A different method was employed in ES because no organic layer was present and the soil was too hard to obtain an intact soil core. Instead, the soil was sampled to 13-cm depth (no organic layer is present). Coarse stones were removed and soil was repacked in a plastic bag and installed in the soil beneath plants protected by a polythene cover. After incubation, cores were removed and the change in ammonium and nitrate content determined. The soil material was lightly mixed and large roots removed prior to extraction in 1 M KCl using a soil-to-extract ratio of 1:5 (ES), 1:10 (DK, UK), and 1:30 (NL). Soil moisture was determined after drying at 70 -80°C (NL, DK, UK) and 105°C (ES) and organic matter content was determined by combustion (UK, DK, NL) and wet oxidation (ES). The change in inorganic N (net mineralization) and nitrate N only (net nitrification) during the incubation period was calculated and results were expressed both as the change in extractable N content per gram organic matter (g N/g OM) and the change in extractable N content on an area basis (mg N/m 2 ).
DATA ANALYSIS Decomposition
A mean weight loss was calculated for each plot because we considered plots to be the smallest independent unit. Data were log transformed and rates of decomposition calculated using the following equation:
where W t is the weight of decomposed litter at time t, W 0 is the initial weight of litter, t is time, and k is the fractional weight loss. We performed one-way ANOVAs for each site on annual fractional weight loss (k) at each sampling period to determine the effect of treatments in UK, NL, and ES. For DK, an additional two-way ANOVA was performed for an interspecies comparison. Data across the sites were combined for ericaceous litter at the final sampling period to determine the effect of site and treatment on fractional weight loss. Between-treatment comparisons were carried out following ANOVA using a Tukey test if significant differences were observed. Differences were considered significant at p Ͻ 0.05 level.
To compare the relative responsiveness of the treatments across the sites, we calculated the difference in mass loss in the means (M) as a percentage of the control:
A positive value indicates an increase in the rate of mass loss, a negative value indicates a decrease. A multiple regression approach was performed on annual fractional weight loss of ericaceous litter with annual rainfall and mean annual air temperature combining data across all sites and treatments.
Soil Respiration
Treatment effects for each site were compared using one-way ANOVA. Between-treatment comparisons were carried out on mean treatment data (n ϭ 3/treat/site) for each sampling time if significant differences were found using a Tukey test. Mean treatment data over the whole sampling period were combined at a site level for each plot and an ANOVA carried out to determine overall site and treatment effects. The relative effect of the two treatments was calculated as for litter decomposition and expressed as a percentage of the control. A multiple regression approach was carried out to Effects of Climate Change on Shrubland Soils determine the relationships between soil respiration and soil moisture and temperature for control, drought, and heated treatments for all sites.
Net N Mineralization
Mean results were calculated for each plot for each time period prior to statistical analysis. One-way ANOVAs were performed to determine treatment differences within each site. Because of the large variability in rates between sites, a standardized mean difference was calculated using the following equation:
where X t is the mean of the experimental treatment, X c is the mean of the control treatment and sd is the pooled standard deviation. Mean treatment data for each site were calculated and combined for a two-way ANOVA with site and treatment as fixed variables. A multiple regression approach was used to determine the relationships between net N mineralization and nitrification rates and soil moisture and temperature using data for control, drought, and warming for all sites.
RESULTS
Decomposition
Accumulated mass loss at the final sampling time was between 27% and 38% for Calluna (DK, UK, NL), 38% for Deschampsia (DK), and 20% for Erica litter (ES), 350 -656 days (Figure 1a,b) . No significant effect of treatment on the cumulative mass loss of Calluna, Erica, and Deschampsia at the final sampling time was recorded within any site (Figure 1b) . However, the drought treatment significantly reduced mass loss during earlier samplings by 4%-10% in three of the four sites (DK, NL, and ES) at the p Ͻ 0.01 level. This effect disappeared after the sampling on day 72 for Deschampsia in DK, day 192 for Calluna in DK, day 84 for Calluna in NL, and day 141 for Erica in ES. No significant species effect was observed between Calluna and Deschamspia litter at the DK site.
When annual fractional weight loss for the ericaceous shrubs was combined across all sites for the final sampling period, a significant site (p Ͻ 0.01) and treatment (p Ͻ 0.05) effect was observed. Annual fractional weight loss in the drought treatments (0.26) was significantly lower relative to the heated (0.31) treatments (p Ͻ 0.05). Neither significantly different from the control (0.28). Annual mass loss was significantly lower in the ES litter bags (0.16) compared with all other sites. UK mass loss rate (0.27) was also significantly lower compared with the NL and DK rates (0.36 and 0.34, respectively) (p Ͻ 0.01). This resulted in an overall trend of increasing annual mass loss in the following order: ES is less than the UK which is less than DK which is equal to NL. When treatment results were expressed as a percentage of control, a general trend of a positive effect of warming in the northern site (11%-22%) can be seen (Figure 2a) . No consistent trend in the effect of drought was observed.
Multiple regression identified temperature as accounting for 51% of the variability observed between sites and treatments (r 2 ϭ 0.51, p Ͻ 0.01). If ES data were excluded assuming moisture limitation, this resulted in temperature accounting for 81% of the variability and a Q 10 based on air temperature of 6.2. Inclusion of moisture in the model did not significantly improve the relationship in either case. Table 1 Standard errors bars are shown.
Soil Respiration
Strong seasonal trends in soil respiration rates were observed in the DK, UK, and NL sites (Figure 3a ). This trend closely followed seasonal patterns of soil temperature. There were insufficient data to determine seasonal patterns in ES. Significant differences between treatments were observed at all sites at individual sampling times (7 occasions in DK, 3 in the UK, 2 in NL, and 4 in ES). Most significant effects were between control and drought treatment plots and occurred in both summer and winter, so included periods outside the experimental drought period. Significant warming effects were observed only at the DK site and on only three occasions. When all data were combined, a significant site (p Ͻ 0.01) and treatment (p Ͻ 0.05) effect was observed. Respiration rates across sites increased in the order: NL is less than DK which is less than ES which is equal to UK. There was a trend for reduced soil respiration rates of 3%-29% in response to drought relative to the control equivalent to 0.004 -0.046 g C m Ϫ2 h Ϫ1 , and a 0%-19% increase in response to warming equivalent to Table 1. 0 -0.006 g C m Ϫ2 h Ϫ1 (Figure 2b) . Rates in the drought and heated plots were significantly different at the p Ͻ 0.05 level, but neither were significantly different from the control.
A single exponential response curve was fitted to data within the 0 -20°C range which explained 52% of the variation r 2 ϭ 0.52 with a Q 10 ϭ 4.1 at a soil depth of 5-10 cm: 5 Soil respiration ϭ 0.0111e 0.1407T (5) However, a range of relationships to temperature was observed at the individual sites in this temperature range (Figure 3b (9) All were significant at the p Ͻ 0.05 level. Q 10 values ranged from 2.4 DK, to 4.2 in NL, 5.3 in ES, and 7.0 in the UK at a soil depth of 5-10 cm. When all data were combined, including the data above 20°C, a linear relationship to temperature was observed that explained 52% of the variation (not shown). Inclusion of soil moisture in the model significantly improved the variation explained to 73%:
Net N Mineralization and Nitrification
Rates of net nitrification and N mineralization were in the range of Ϫ0.1 to 6.6 g N/g OM/day and Ϫ2.1 to 16.0 g N/g OM/day, respectively ( Table 2) .
Rates of an area basis were calculated by combining rates per gram dry weight of soil with core bulk density values. Annual rates were calculated by multiplying mean daily rates on an area basis by 365 to provide an annual estimate. Net nitrification rates ranged rom Ϫ0.1 g N/M 2 /year in the UK to 1.4 g N/m 2 /year in the NL. Net mineralization rates were equivalent to Ϫ0.1 g N/m 2 /year in the UK to 6.6 g N/m 2 /year in Deschampsia-dominated areas in DK.
No significant treatment effects on net N mineralization or nitrification were observed in the UK and DK at any sampling time or when data were combined across all sampling periods. In the NL a significant reduction in net nitrification rates in response to the drought in June 2000 was observed and for net N mineralization when data were combined across all sampling periods. In ES, no significant differences relative to the control were observed. However, net nitrification rates in the drought treatments were significantly lower than the warming treatments in May 2000 and again in May 2001. A significant difference between net N mineralization rates in areas dominated by Calluna relative to Deschampsia in DK was observed during one sampling time. In the UK, net N mineralization and nitrification rates in the upper organic layer and lower mineral soil were compared. No significant differences were observed.
When data for the upper soil layers beneath the ericaceous shrubs were combined across the CLI-MOOR sites, a significant site (p Ͻ 0.001) and treatment effect (p Ͻ 0.05) was observed for both net N mineralization and nitrification. Treatment comparisons indicated that net N mineralization rates were significantly different between drought (1.32 g N/g OM/day) and warming (3.33 g N/g OM/ day) plots (p Ͻ 0.01) but neither were significantly different from the control (2.64 g N/g OM/day). For nitrification rates, drought significantly reduced rates relative to the control (Ϫ0.07 g N/g OM/day and 0.51 g N/g OM/day) and was also significantly different to the control (0.82 g N/g OM/day). There was no obvious relationship between effect size and the environmental gradient across the sites (Figure 2c,d ).
The lowest rates of both net nitrification and N mineralization were recorded at the two extremes of the CLIMOOR climate gradient (Figure 4a, 5b) : the wet, cold UK site and the hot, dry site in ES. Net N mineralization rates were significantly related to soil moisture content across the sites, with positive rates generally recorded in soils with moisture content between 20% and 60% (Figure 4a,b) . A regression equation containing quadratic terms was found to best describe the relationship to initial soil moisture content (M) (r 2 ϭ 0.49, p Ͻ 0.001):
Within the soil moisture range (20%-60%), a significant linear response to temperature (T) was observed ( Figure 5 ) (r 2 ϭ 0.27, p ϭ 0.06):
Net mineralization ϭ 1.66 ϩ 0.345T (12) No significant relationship with moisture was observed within this range. A regression equation containing a quadratic term also described the relationship of net nitrification to initial soil moisture content, although this described only 15% of the variation (Figure 6a ,b) (r 2 ϭ 0.15, p ϭ Ͻ 0.05):
Net nitrification ϭ Ϫ7.59M 2 ϩ 6.65M Ϫ 0.64
When soil moisture was 20%-60% (DK and NL), a linear relationship, including both temperature and moisture, was found to provide the best relationship (r 2 ϭ 0.47, p Ͻ 0.001):
Net nitrification ϭ Ϫ4.13 ϩ 0.1533T ϩ 7.39M (14)
DISCUSSION
Litter Decomposition
Decomposition can be affected by two main factors, litter quality and climatic variables (Fog 1988; Berg and others 1996) . For example, litter with high N content has been observed to have lower rates of litter decomposition in the latter stages possibly as a Table 1. result of the formation of recalcitrant condensation products that are highly resistant to biological degradation. Low manganese content of litters may also have an important effect in limiting formation of lignolytic enzymes (Berg and others 1996) . In our study, the affect of litter quality was compared at only the DK site, although differences in litter quality may also contribute to intersite variability across the environmental gradient. No significant differences between decomposition rates of Calluna and Deschampsia were observed, suggesting litter quality may have a limited influence on decomposition rates of plant material in this heathland system. The effect of climate can be observed both from the impacts of the experimental treatments and by comparing results across the environmental gradient. Across the environmental gradient, mass loss rates were positively related to air temperature, which explained 81% of the variance in the three northern sites (Q 10 ϭ 6.2). Rates were significantly lower in our southern site probably because of water limitation. The generally positive effect of warming treatments in the northern sites ( Figure  2a ) also indicates an important role for temperature in the more northern sites which is absent in ES.
Respiration
Respiration rates recorded here were within those reported across a range of sites (Rustad and others 2001) and were greatest at the southern most site, ES, and the western site, UK. This is in contrast to the decomposition results in which rates were lowest at these two sites. As with many other studies, this study indicates soil respiration is largely temperature dependent. Within sites, soil respiration is largely temperature dependent with soil temperature at 5 -10cm depth explaining 52% of the variation at temperatures below 20°C, a Q 10 ϭ 4.0 was observed which is toward the high end of those suggested by Kirschbaum (2000) following a synthesis of data from seasonal and soil warming studies but similar to those suggested from 14 C isotope studies (Q 10 ϭ 3.8). Our data from this gradient study would predict an increase of 0.003 g C m
Ϫ2
h Ϫ1 in response to the 1°C rise in temperature in the experimental treatments. A trend of increased respiration rates was observed in the warming treatments of a similar magnitude with a mean of 0.005 g C m 2 h Ϫ1 when all sites were combined although this was not statistical by significant because of the large variability in measurements.
However, this general relationship ignores a wide range of Q 10 values across the different sites ( Figure  3b ). These ranged from 2.4 in DK to 4.2 in NL, 5.3 in ES, and 7.0 in the UK. Past studies generally indicate a greater positive response to temperature (that is a higher Q 10 ) in soils at lower temperatures (Kirschbaum 1995) . No such relationship is observed here with Q 10 values in ES greater relative to the colder DK and NL sites. Unfortunately, no relationship to any measured environmental variable was identified.
The relative contribution of plant roots, their mycorrhizal fungi, and free-living heterotrophs to soil respiration and its response to temperature is not known in this or many other studies. Roots have been found to contribute between 33% and 62% of soil respiration in forest ecosystems (Raich and Tufekcioglu 2000) and are thought to be more responsive to temperature than bulk soil (Boone and others 1998) . It has been proposed that soil microbes and other soil biota may actually be responding to the supply of substrate from current photosynthate rather than temperature per se (Hogberg and others 2001) . Our data however, show a coincidence of maximum soil temperatures and soil respiration at the northern sites suggesting that the dominant pathway in these heathland soils may be driven by temperature rather than the immediate supply of photosynthate.
Moisture limitations may sometimes mask the temperature response, particularly at higher temperatures (Davidson and others 1998) . This is likely the reason for the absence of a relationship to temperature above 20°C in ES. In addition, the importance of moisture was indicated by the significant reduction in respiration rates reported at individual sampling times in drought treatments at all sites, and the 22% of variance explained by soil moisture. Overall, the experimental treatments reduced soil moisture by 6%. Using the relationship derived from across the environmental gradient, a decrease of 0.007g C m 2 h Ϫ1 would be predicted in response to this 6% decline. Results from the experimental drought treatment indicate reductions of a similar magnitude with a mean reduction of 0.011 g C m 2 h Ϫ1 relative to the control treatment when all data were combined.
No universal function equation is available to describe the relationship between soil respiration and soil moisture (Davidson and others 2000) . One reason may again be the influence of changes in plant-derived substrate on soil microbial activity. Plant productivity is generally thought to be more dependent on water availability than on soil respiration (Å gren and others 1996) . Thus, the effect of changes in primary productivity due to changes in water availability, as observed in our study (Peñ uelas and others), or any other environmental variable may have a significant effect on above-and below ground substrate supply for the soil microbes, as well as a direct effect on root respiration (Jamieson and others 1998) .
Net N Mineralization and Nitrification
A wide range of net N mineralization and nitrification rates were recorded across the sites and treatments equivalent to Ϫ0.2 to 6.6 g N m Ϫ2 year Ϫ1 and Ϫ0.1 to 1.4 g N m Ϫ2 year Ϫ1 , respectively. The lower end of this range is similar to that previously reported for tundra and heath-type vegetation in northern latitudes (for example, Kristensen and Henriksen 1998; Schmidt and others 1999; Jonasson and others 1999) . The upper end of the range is similar to that reported in drier heathland or forest sites (for example, Berendse 1990; Van Vuuren and van Breemen 2000; Verburg and others 2000; Gundersen and others 1998). In the UK site, net immobilization was often recorded (negative values), possibly as a result as a combination of wetter and colder conditions and the low availability of other nutrients (Kristensen 2001) . The plants may outcompete the microbes for inorganic N when not isolated in an incubation core or they may be utilizing organic-N sources (Nä sholm and others 1998). Rates in ES were also low possibly a result of the hot, dry conditions. Positive net N mineralization rates were consistently reported for the NL and DK sites with intermediate soil moisture contents of 20%-60%. High N deposition at the NL site may contribute to the relatively high rates observed there. At the DK site, the heather beetle outbreak in 1999 -2000 may have affected rates of net N mineralization as found previously (Kristensen 2001) .
Across the environmental gradient, the effect of soil moisture explained 46% of variance in net N mineralization rates in the upper soil layer beneath the ericaceous shrubs. Soil temperature at 5-10-cm depth was significantly related to net N mineralization rates only within a moisture range of 20%-60% when a temperature quotient Q 10 of 1.5 was observed. There were few significant effects between the experimental drought treatments and the control because of the large variability associated with measurements.
No significant effect of experimental warming on net N mineralization and nitrification rates relative to the controls was observed beneath the ericaceous shrubs. The absence of any significant effect of experimental warming, even within this moisture range, is not surprising considering the modest temperature increase achieved (approximately 1°C) and the variability associated with the incubation method. Within the 20%-60% moisture range, the regression relationship derived from the environmental gradient suggests that this temperature increase would result in a rise of only 2 g N/g OM/day, which is significantly lower than the standard error of measurement at all sites.
The lower sensitivity of net N mineralization to soil temperature (Q 10 ϭ 1.5) relative to soil respiration (Q 10 ϭ 2.0) has previously been reported but the reasons for this are not well understood (Kirschbaum 1995) . Mineralization is a more complex process, being the net effect of gross mineralization and immobilization. In addition, plant roots do not contribute directly to mineralization rates although they are a major component of soil respiration. One possibility is that the contribution of plant roots to soil respiration underlies this greater sensitivity to temperature. It is also interesting to note that soil respiration appears to be less dependent on water availability than net N mineralization, which depends on soil microbial metabolism alone. Kirschbaum (2000) argues that as both processes ultimately depend on the supply of available C, the controls of decomposition are more relevant in the long term. The problem of identifying the direct and indirect plant contributions to soil respiration in the field and thereby gaining a fuller understanding of these controls remains to be solved. Finally, the importance of the abiotic process of both fixation of inorganic N (for example, Dail and others 2001) and stabilization of organic-C pools (Thornley and Cannell 2001) should not be ignored. For example, Thornley and Cannell (2001) suggest that current dynamic models underestimate the temperature dependence of abiotic reactions of C in the soil, such as chemical bonding onto minerals, and thus overestimate the loss of soil C due to increasing temperature. These processes may also contribute to the different sensitivity to soil moisture and temperature of C and N turnover in soils.
CONCLUSIONS
Results presented here suggest that key soil processes are differentially affected by the gradients of rainfall and temperature within the latitudinal range of the study. We observed soil moisture as the primary variable explaining variability in net N mineralization and nitrification rates. In contrast, soil temperature was the best predictor of soil respiration and litter decomposition, possibly because of the effect of temperature on plant root activity, which also contributes to soil respiration measurements. Our experimental warming and drought treatments provided evidence that soil processes respond to climatic change in line with the trends Effects of Climate Change on Shrubland Soils observed across the environmental gradient at a gross scale. However, there are significant differences in the temperature sensitivity of respiration that we were not able to relate to any environmental variable. Overall, our results suggest that key soil processes respond differently to climate change and these may be difficult to predict without a greater understanding of the factors that determine sensitivity of the individual processes to the different climate variables.
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